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Abstract 

Repetitive transcranial magnetic stimulation is usually applied to visual cortex to explore the effects on cortical excitability. 
Most researchers therefore concentrate on changes of phosphene threshold, rarely on consequences for visual 
performance. Thus, we investigated peripheral visual acuity in the four quadrants of the visual field using Landolt C 
optotypes before and after repetitive stimulation of the visual cortex. We applied continuous and intermittend theta burst 
stimulation with various stimulation intensities (60%, 80%, 100%, 120% of individual phosphene threshold) as well as 
monophasic and biphasic 1 Hz stimulation, respectively. As an important result, no serious adverse effects were observed. In 
particular, no seizure was induced, even with theta burst stimulation applied with 120% of individual phosphene threshold. 
In only one case stimulation was ceased because the subject reported intolerable pain. Baseline visual acuity decreased over 
sessions, indicating a continuous training effect. Unexpectedly, none of the applied transcranial magnetic stimulation 
protocols had an effect on performance: no change in visual acuity was found in any of the four quadrants of the visual field. 
Binocular viewing as well as the use of peripheral instead of foveal presentation of the stimuli might have contributed to 
this result. Furthermore, intraindividual variability could have masked the TIVIS- induced effects on visual acuity. 
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Introduction 

Repetitive transcranial magnetic stimulation (rTMS) is a 
noninvasive technique to induce a virtual lesion in a cortical area, 
allowing the investigation of cortical functions. Primarily used in 
the motor system [1], the technique was successfully transferred to 
other cortical regions, i.e. Wernicke's area [2], parietal lobes [3] or 
left dorsolateral prefrontal cortex [4] in order to specifically 
interfere with the function of the given area. In the visual system, 
rTMS protocols are often applied either to occipito-lateral sites 
targeting VS/MT""" or more medial sites at the occipital pole. For 
the latter ones in most of the studies the exact stimulation site (hot- 
spot) is defined by an individual physiological reaction, the 
perception of TMS-induced hght flashes, so called phosphenes. 
They can be elicited from a quite large area over the occipital pole. 
In most of the cases TMS reaches a mixture of VI, V2 and V3 [5] . 
An exclusive stimulation of a certain visual area (e.g. VI) has been 
shown to be possible only in selected subjects [6]. In most of the 
studies applying rTMS to the visual cortex phosphene thresholds 
(PTs) are the dependent variable [7-9] . PT measurement indeed is 
the most common tool to explore the after-effects of rTMS 
protocols applied to the visual cortex, but it just points to a change 
of excitability per se and not to any functional consequences for 
visual performance. Thus, it is of interest to investigate the 
modulation of visual cortex excitability by different behavioral 
experiments. For example, in one study static contrast sensitivity 
(sCS) was evaluated before, during, immediately after and 10 



minutes after both monophasic and biphasic 1 Hz rTMS applied 
to the occipital cortex [10]. With a vertical coil position decreased 
sCS was found only after monophasic stimulation with induced 
currents upwards. Reversed currents and biphasic stimulation in 
both directions showed no significant effects. It was concluded that 
primary visual functions such as contrast detection can be altered 
by rTMS. Another study [1 1] suggested an inhibitory effect of low- 
frequency rTMS on optic flow perception. 

In the motor system theta burst stimulation (TBS, 3 pulses at 
50 Hz bursting every 200 ms, resulting in 5 Hz burst pattern) 
strongly modulated cortical excitability depending on the grouping 
of the pattern [12]. In this initial study, continuous TBS (cTBS, 
600 pulses continuously bursting over a period of 40 s) inhibited 
the motor cortex, while intermittent TBS (iTBS, every 10 bursts a 
pause of 1.8 s occurs, 600 pulses in total) resulted in an increase in 
motor cortex excitability. Although subsequent studies obtained 
reversed effects using modified TBS paradigms [13-15], most 
researchers replicated the initially observed results in the motor 
system (e.g. [13-19]). Compared to conventional 1 Hz rTMS 
protocols, inhibition in the same range was reached by cTBS with 
lower stimulation intensities and much shorter application time. 
Since cTBS is more convenient for subjects it was suggested that 
cTBS might replace 1 Hz rTMS. For instance, both 1 Hz rTMS 
and cTBS applied to the frontal eye field had inhibitory effects on 
saccade triggering [20]. Prolonged reaction times in a lexical 
decision task were observed following cTBS and 1 Hz rTMS 
apphed to left the superior temporal cortex, respectively [21]. 
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In the visual system PTs increased after 1 Hz rTMS [9] as well 
as after cTBS [22]. Expecting a virtual lesion effect, the impact of 
1 Hz rTMS and cTBS on different visual psychophysical tasks 
were investigated [23]. However, an improvement in discrimina- 
tion of some visual features were found, depending on the type of 
stimulation and task. This finding demonstrates that the direction 
of phosphene modulation does not distincdy predict the change in 
a behavioral task. 

To further analyze the effects of rTMS on visual perception we 
tested peripheral \ isual acuity following several rTMS pattern. We 
applied continuous (tTBS) and int(-rmittend theta burst stimula- 
tion (iTBS) with stimulation intensities ranging between 60% to 
120% of individual PT, as well as monophasic and biphasic 1 Hz 
rTMS at PT intensity. Due to the retinotopic organization of the 
visual cortex, we tested visual acuity in each quadrant of the visual 
field. 

Methods 

1. Subjects 

In total 34 subjects participated in the study: 12 in experiment 1 
(mean age 24.2±2.3 years, 5 men) and 12 in experiment 2 (mean 
age 24.8±2.8 years, 5 men). Experiment 3 included 15 subjects 
(mean age 24.9±2.6 years, 6 men), who took also part in either 
experiment 1 or experiment 2. After analyzing the ri;sults, we 
started two replication tests (see results section). The first 
replication test comprised 9 subjects (mean age 25.4±1.7 years, 
4 men) who had already participated in experiment 1 or 2. Ten 
experiment-naive subjects (mean age 24.0±3.5 years, 2 men) 
participated in the second replication test. All but one participant 
was right- handed and all had normal or corrected-to-normal 
visual acuity. Exclusion criteria were metcdlic implants, major 
medical illness, prior history of neurological or psychiatric 
disorders, in particular a history of epileptic fits, chronic tinnitus, 
drug abuse or alcoholism, any medication with the exception of 
oral contraceptives. All participants gave their written informed 
consent for the experiments and were paid for participation. The 
study followed the Declaration of Helsinki and was approved by 
the ethics committee of the university of Ubn. 

2. Setup and task 

Subjects sat in a comfortable chair while they were stimulated 
with a Magpro XI 00 stimulator (MagVenture Farum, Denmark), 
using a figure-of-eight-coil, MC-B70, and biphasic pulses (with the 
exception of experiment 3). The coil position in relation to the 
head was monitored and registered with the frameless stereotactic 
positioning system BrainView (V2, Fraunhofer IPA, Stuttgart, 
Germany, cf [24]). 

The visual task consisted of a simultaneous acuity measurement 
in the four quadrants of the visual field. It was realized in PsychPy 
(v. 1.70, [25]) on a standard personal computer and a cathode ray 
tube computer monitor (21", iiyama Vision Master Pro 500, 
iiyama, Tokyo, Japan) with a framerate of 100 Hz and a resolution 
of 1024x768 pixel. Four rings of the same diameter were 
presented simultaneously in the four quadrants at a distance of 
663.1' (10.6°) from fixation point each. Three rings were closed, 
and one ring had a gap (Landolt C optotype) oriented either up, 
right, down, or left. The rings were displayed on a full pixel base. 
No anti-aliasing was applied. The rings were displayed for 100 ms 
followed by a mask consisting of random noise pixels. To raise 
complicacy, during ring presentation some noise pixels were added 
(Fig. 1). The quadrant containing the Landolt C was at random 
from trial to trial. Subjects had to report the direction of the gap 
only and should neglect the quadrant of presentation (four 



alternative forced choice task). In order to determine acuity 
threshold the size of the Landolt C as well as the diameter of the 
closed rings was varied for each quadrant separately following a 
simple 2:1 staircase procedure. The variation occurred in steps of 
one pixel (0.0375° or 2' 15"). Thus, four independent staircase 
procedures were randomly interleaved in each run. The run was 
terminated after at least 7 reversals in each staircase. To provide 
random presentation of the Landolt C in all quadrants, ail 
staircases just continued running until the last one reached the 7* 
reversal. In order to motivate subjects in each staircase bonus trials 
were interleaved every 5* to 9* presentation, where the diameter 
of the rings was 5 pixels larger with respect to the actual staircase 
value. 

Acuity thresholds were estimated for each run and quadrant 
separately applying a sigmoidal fit to the observed response data 
generated by the staircase procedure (psignifit, [26]). Visual acuity 
threshold was defined as the reversal point of the logistic function 
(62.5% correct answers). 

3. Experimental design 

Subjects always started with a familiarization session. Then, 
several sessions followed on separate days each in order to 
investigate the effect of the different TMS protocols. In the 
familiarization session subjects trained to obserx^e phosphenes and 
to run the behavioral task. Phosphene perception had to fulfill the 
following criteria (cf. [5]): a) dependence on the stimulated 
hemisphere, i.e. perception in the left visual field with stimulation 
at the right occipital pole and vice versa [27]; b) visibility with both 
states, eyes open or closed [28]; c) dependence on gaze direction 
[27]. Phosphene perception thresholds from the left occipital pole 
were measured following a previously established protocol [29]. 
First, the stimulation site was determined by moving the coil in 
steps of about 5 mm over the left occipital pole while the subject 
was stimulated with suprathreshold intensity known from the 
familiarization procedure until he or she observed a sharply 
delineated phosphene clearly restricted to the right visual field 
("hot-spot"). Then the coil was rotated in order to determine the 
current direction inducing the strongest percept [5]. In most of the 
cases this was a latero-medial direction of the induced current. 
Then, 49 magnetic stimuli were delivered at 7 different stimulator 
output intensities in steps of 3%, with intensities randomly 
intermixed (method of constant stimuli). The experimenter 
released the magnetic stimulation manually at a frequency below 
0.25 Hz, and the subject reported verbally the presence or absence 
of a phosphene after each stimulus ("Yes" or "No"). A sigmoidal 
fit applied to the subject's responses generated the individual PT 
(reversal point of the logistic function, 50% correct answers). To 
get familiar with the visual acuity task, subjects were trained in a 
practice session with 5 levels of increasing difficulty. Then subjects 
passed 6 additional training trials. 

In the first rTMS session on a separate day the procedure to 
determine a phosphene hot-spot was repeated and the optimum 
position was registered with the neuronavigation system with 
respect to anatomical landmarks of the skuU. Then PT measure- 
ment was repeated to determine the reference threshold value. 

In all rTMS sessions, prior to repetitive stimulation subjects first 
had to complete 4 trials of the visual acuity task. While the first 2 
trials were discharged (training trials), the average of trial 3 and 4 
was taken as baseline visual acuity (pre stimulation). Then rTMS 
was applied over the predetermined phosphene hot-spot. Post 
stimulation visual acuity was measured immediately after rTMS 
and then every 10 minutes over a period of 40 minutes after 
stimulation, i.e. 5 times in total. 
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Figure 1. Layout of the task. The four quadrants of the visual field are labeled as q1, q2, q3, and q4. For sake of clarity, eccentricity and size of the 

stimuli are modified. 

doi:1 0.1 371 /journal.pone.0099429.g001 



Since phosphenes evoked with single pulse TMS over occipital 
cortex usually appear in the contralateral lower quadrant of the 
visual field [5], we decided to apply TMS always to the left 
hemisphere. Thus, all subjects perceived phosphenes in the lower 
right quadrant (q3). Due to the retinotopic organization of the 
visual cortex, we expected a modulation of visual acuity threshold 
particularly in this part of the visual field. To explore whether a 
modulation of visual acuity threshold would occur particularly in 
the corresponding part, we measured visual acuity of the four 
quadrants separately. 

To prevent carry-over effects and to make sure that subjects 
kept familiar to the behavioral task, the time between two sessions 
was 1 to 8 days. 

3.1. Experiment 1: cTBS. The subjects in experiment 1 
were repetitively stimulated with cTBS (bursts of 3 pulses at 
50 Hz, every 200 ms) for a total of 600 pulses. Stimulation 
intensities were 60%, 80%, 100% and 120% of individual PT. In 
order to control for putative carry-over effects, the first intensity 
was either 60% or 120%, alternating across subjects sequentially. 
In the following three rTMS sessions intensity was either increased 
up to 120% or decreased down to 60%, respectively. 

3.2. Experiment 2: iTBS. Experiment 2 was similar to 
experiment 1, but iTBS (10 bursts of 3 pulses at 50 Hz, every 
200 ms, 20 repetitions every 10 s) was applied for a total of 600 
pulses. None of the subjects in experiment 2 had already 
participated in experiment 1. 

3.3. Experiment 3: 1 Hz rTMS. In this experiment repet- 
itive stimulation consists of 1 Hz rTMS applied with 100%) of 
individual PT, both with monophasic and biphasic pulses for 
15 min each. Subjects (n= 15) were a subgroup of participants 
from experiment 1 and experiment 2. The 1 Hz sessions were 
scheduled after the 4 TBS sessions. Thus, subjects who took part in 
this experiment had to complete six sessions. Stimulation protocol 
was alternating across subjects. All other parameters were similar 
to those in the other two experiments. 



4. Data analysis 

Baseline visual acuity values of the subjects who underwent 6 
rTMS sessions were analyzed with respect to the number of session 
to explore possible learning effects. 

Change of visual acuity was defined as the difference of pre- 
stimulation acuity minus post-stimulation acuity. Data were 
submitted to repeated-measures analysis of variance (rmANOVA) 
for each experiment (Statistica V. 10, StatSoft GmbH, Hamburg, 
Germany). Sphericity requirements for the rmANOVAs were 
assessed by using Mauchly's test. In case of violation, Greenhouse- 
Geisser correction was applied and s values are reported together 
with the corrected p values. Post-hoc analyses were performed 
using t-tests. 

Raw visual acuity data are presented as supplementary material 
(Table SI). 

Results 

All but one subject tolerated rTMS well and no serious adverse 
effects occured. When iTBS in experiment 2 was appKed with 
120%! of individual PT, stimulation was stopped for one subject 
because this intensity was too painful. In two other subjects, we 
failed to apply iTBS at 120% PT. In one case, stimulation was 
aborted due to overheating of the coil. In the other case the subject 
skipped the whole session for lack of time. Therefore, we did not 
include the data of the 120% sessions in the analysis of experiment 
2. 

Baseline visual acuity values of the 15 subjects with 6 baseline 
measurements each (experiment 1+3 or 2+3) were subjected to an 
rmANOVA with the factors SESSION (1, 2, 3, 4, 5, 6) and 
QUADRANT (ql, q2, q3, q4). Significant main effects were found 
for both factors QUADRANT (^"(3_42) = 4.58, /) = 0.017, £ = 0.71) 
and SESSION (F^^^m) = 3. 1 3, = 0.6 1 3), but no interaction. Mean 
baseline visual acuity threshold was lowest in the upper right (q2) 
and highest in the lower left (q4) part of the visual field (ql: 0.260°, 
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q2: 0.250°, q3: 0.261°, q4: 0.282°), decreasing continuously from 
the first session (0.274°) to the last session (0.254°). 

1. Experiment 1: cTBS 

Mean PT value was 38.6% ±8.9% (range 26%-50%) of 
maximum stimulator output. Pre minus post visual acuity data 
were subjected to an rmANOVA with the factors INTENSITY 
(60%, 80%, 100%, 120%), QUADRANT (ql, q2, q3, q4) and 
TIME (0, 10, 20, 30, 40 minutes post stimulation). No significant 
main effect was found for any factor (INTENSITY: ^"(3^33) = 0.44, 
p = O.Ti; QUADRANT: F^^;yi)=].M, p=0.20; TIME: 
-f(4,44) = 1-04, p=OA(y) and there was no interaction. In Fig. 2 
data of experiment 1 (pre minus post visual acuity) are shown 
separately for each quadrant. 

2. Experiment 2: ilBS 

Mean PT value was 42.0% ±9.7% (range 28%-55%) of 
maximum stimulator output. As is experiment 1, pre minus post 
visual acuity data were subjected to an rmANOVA with the 
factors INTENSITY (60%, 80%, 100%), QUADRANT (ql, q2, 
q3, q4) and TIME (0, 10, 20, 30, 40 minutes post stimulation). No 
significant main effect was found for any factor (INTENSITY: 
^(2,22) = 2.70, p = 0.09; QUADRANT: i?(3,33)= 1.65, p = 0.20; 
TIME: = 0.35, p = OM), but the interaction of the three 

factors was significant (i\24,264)= 1.68, /< = 0.027) as well as the 



interaction of the factors intensity and quadrant (^(6,66) = 4.38, 
/) = 0.001). Post-hoc analysis of the intensity-quadrant-interaction 
revealed a decrease of visual acuity in the critical quadrant (lower 
right quadrant, q3) after stimulation applied with 60% of 
individual PT (/(i2) = 2.99, p = 0.012) and an increase after 
application of 100% intensity (Z(i2) = 3.7 1, /)= 0.003). Fig. 3 shows 
pre minus post visual acuity for each quadrant separately. 

3. Experiment 3: 1 Hz rlMS 

Mean PT value was 39.6%±8.5% (range 28%-50%) of 
maximum stimulator output for biphasic and 54.2%±15.0% 
(range 35%-75%) for monophasic pulses. An rmANOVA with the 
factors PULSE (biphasic, monophasic), QUADRANT (ql, q2, q3, 
q4) and TIME (0, 10, 20, 30, 40 minutes post stimulation) of the 
1 Hz data revealed no significant main effect (PULSE: 
^ii,i4) = 3.99, p = 0.07; QUADRANT: ^'(3,42) = 0.08, p = 0.9T, 
.39, p = 0.25) and no interaction. In Fig. 4 pre 



TIME: F, 



(4,.56) - 

minus post visual acuity of experiment 3 is shown separately for 
each quadrant. 

4. Replication test 1 : ilBS 1 00% 

Based on the significant increase of visual acuity in the right 
lower quadrant of the visual field after iTBS application with 
100% of individual PT in experiment 2 we tried to replicate this 
result. Nine subjects who had taken part in one of the other 
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Figure 2. Change of visual acuity (mean ± SEM) in the four quadrants following cTBS. On the abscissa the four cTBS intensities are 
depicted. The four quadrants of the visual field are labeled as ql, q2, q3, and q4. For sake of clarity values over time are averaged. 
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Figure 3. Change of visual acuity (mean ± SEM) in the four quadrants following iTBS. On the abscissa the three iTBS intensities are 
depicted. The four quadrants of the visual field are labeled as q1, q2, q3, and q4. For sake of clarity values over time are averaged. 
doi:10.1371/journal.pone.0099429.g003 



experiments before were again stimulated with iTBS 100% 
intensity. Visual acuity was measured prior to stimulation as 
described before and once directly after iTBS. 

Mean PT value was 40.2% ±8.4% (range 33%-49%) of 
maximum stimulator output. Data were subjected to an 
rniANOVA with the factor QUADRANT (ql, q2, q3, q4), and 
no significant effect was found (-Fp 24) = 0-37, p = Q.78), thus the 
observed effect could not be rephcated (see Fig. 5). 

5. Replication test 2: iTBS 40%, 60% 

Based on the significant decrease of visual acuity in the right 
lower quadrant of the visual field after iTBS application with 60% 
of individual phosphene threshold in experiment 2 we tried to 
replicate this result. Ten subjects who had not taken part in one of 
the previously described experiments before were trained on the 
visual acuity test as described in the metiiods section. In two 
sessions, subjects were stimulated with 40% and 60% iTBS 
intensity, respectively. Visual acuity was measured prior to 
stimulation similar to the other experiments and once directly 
after stimulation. Mean PT value was 29.9%±7.2% (range 18%- 
44%) of maximum stimulator output. Data were subjected to a 
rmANOVA with the factors INTENSITY (40%, 60%) and 
QUADRANT (ql, q2, q3, q4). There was no significant main 
effect (INTENSITY: F;i_9) = 0.74, p = OAl; QUADRANT: 
-f(3,27) = 0.27, p = 0.84) and no interaction (^"(3,37) = 0.26, p = 0.86). 



Thus, second replication test failed as well. In Fig. 6 pre minus post 
visual acuity of replication test 2 are shown separately for each 
quadrant. 

Discussion 

To explore the effects of rTMS on visual perception, we 
measured peripheral visual acuity before and after several 
stimulation protocols and intensities. In contrast to our hypothesis 
neither cTBS nor iTBS at any stimulation intensity modulated 
visual acuity measured in the four quadrants of the visual field. A 
control experiment with monophasic as well as biphasic 1 Hz 
rTMS showed also no modulation of visual acuity. Although we 
first observed an increase of visual acuity with iTBS 100% and a 
decrease with 60% PT intensity in the critical quadrant of the 
visual field (experiment 2), we were not able to replicate the results. 

In first attempts to modulate visual cortex function, conven- 
tional 1 Hz rTMS was applied to the occipital pole. In several 
studies an increase of PT was demonstrated following stimulation 
[7-9] . Exploring perceptual changes after the application of 1 Hz 
rTMS [10], a decrease in static contrast sensitivity after 10 min of 
monophasic stimulation, but no effect after biphasic stimulation 
was found. The effects of the theta burst protocol were investigated 
in the visual system for both PTs and perceptual tasks. Increased 
PTs were found after cTBS but not after iTBS, both applied with 
80% of individual PT [22]. In another study, both cTBS and 
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Figure 4. Change of visual acuity (mean ± SEM) in the four quadrants following 1 Hz rTMS. On the abscissa the two 1 Hz pulse forms are 
depicted. The four quadrants of the visual field are labeled as q1, q2, q3, and q4. For sake of clarity values over time are averaged. 
doi:10.1371/journal.pone.0099429.g004 



rTMS at 1 Hz improved discrimination in 6 out of 7 and 4 out of 
5 subjects in two different coarse orientation tasks, respectively 
[23]. No effect on fine orientation discrimination tasks was 
observed. This suggests tliat rTMS effects in the visual cortex 
depend not only on parameters such as intensity or stimulation 
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Figure 5. Change of visual acuity (mean ± SEM) in the four 
quadrants following cTBS at 100% PT(replication test 1). 
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protocol, but also on the type of the task. One possible explanation 
for the absence of a significant change of visual acuity in our 
experiment is that our task might not be sensitive enough for the 
rTMS induced modulations. Intraindividual variability of mea- 
sured visual acuity was quite high and could have masked the 
TMS- induced effect. One might ask whether a mixture of 
attention and learning contributes to the variability observed. In 
our experiment, baseline of peripheral visual acuity was 0.272° 
(mean), which is in line with previous findings showing a visual 
acuity of about 0.2° with -10° eccentricity (i.e. [30,31]). 
Comparing baseline visual acuity in the chronology of sessions, 
we detected a small and continuous increase of performance, 
indicating a training effect. Previous findings [32] showed some 
evidence for fast perceptual learning, not consistent over subjects 
and tasks. This suggests that learning in peripheral visual acuity 
may depend on the task as well as on the subject per se. However, 
high test-retest-variabHity within subjects is often reported for 
peripheral visual acuity and it is supposed that variability increases 
with lower visual acuity [33]. Nevertheless, since we controlled for 
possible learning effects and carry-over effects by alternating the 
different sessions across subjects, it is unlikely that learning masked 
modulatory effects caused by rTMS. 

Using a visual detection task, the influence of selective attention 
on effects of iTBS applied to the motor cortex was investigated 
[34]. LTP- like effects in low-load conditions were found, but no 
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effects under high-attentional load were reported, inciicating that 
attention can be a modulator of cortical changes as well. 
Supposing that our visual task requires high attention levels due 
to the short duration of stimulus presentation and the high 
eccentricity, this could have eliminated the TMS-induced effects 
on visual acuity. Presentation time was short (100 ms) to prevent 
saccades, which are known to have a minimum latency of about 
150 ms [35]. A possible strategy to reduce the level of attention 
might be decreasing eccentricity or using foveal stimuli for visual 
acuity measurements. However, in such a task it would not be 
possible to distinguish between the quadrants of the visual field. A 
putative TMS-effect then could not be assigned to a particular 
field of the visual cortex. 

A possible limitation of our study is the lack of using an eye- 
movement monitoring system. Measurement of peripheral visual 
acuity requires a stable and correct frKation. We did not control for 
eye movements by measurement, but subjects were trained to 
maintain fixation. Since the occurrence of peripheral targets was 
counterbalanced and randomized, the best strategy to observe 
targets was keeping fixation in the middle of the screen. 

Our task consisted of four independent acuity measurements in 
the four quadrants of the visual field (10.6° eccentricity), 
respectively, that are intermixed. Hence, stimuli were always 
presented in the periphery to investigate whether there is a 
quadrant- specific effect of offline rTMS. We expected effects in 



particular in the periphery of the visual field for the following 
reasons: a) Phosphenes evoked with single pulse TMS over 
occipital cortex usually appear in the contralateral lower quadrant 
and often exclude foveal parts [5] . b) visual suppression following 
triggered single pulse TMS also occurs mainly in parafoveal and 
peripheral parts of the contralateral visual field [36-38] . Since we 
determined the phosphene hot-spot always in the left hemisphere, 
we expected rTMS effects in the right lower part of the visual field. 
In our former studies, we observed a retiiiotopic relation between 
phosphenes and visual extinction measured by means of static 
perimetry [5,39]. However, phosphenes and scotomas are just 
consequences of a basal excitation of the visual cortex. The 
successful detection of the orientation of an optotype might require 
more complex visual functions in basal and higher visual cortical 
areas. 

Perception of changes in naturalistic scenes is more difficult for 
peripheral than for foveal viewing [40], and visual enumeration 
decreases with eccentric viewing [41]. Thus, according to our data 
it is conceivable that uncertainty in the periphery may result in 
more variability in visual acuity. Applying transcranial direct 
current stimulation (tDCS) to the occipital cortex, a significant 
increase in contrast sensitivity following anodal stimulation was 
observed only for central positions, but not for positions in the 
periphery [42] . It was argued that due to the larger representation 
of the fovea as well as its location closer to the skull it is more 
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susceptible to modulatory effects. Hence, one could infer that 
TMS effects might be less pronounced for peripheral representa- 
tions since field strength decay with increasing distance to the coil 
and cortical representation of peripheral visual field located in 
deeper parts of the occipital cortex receive less TMS energy. This 
would explain the absence of modulatory effects of rTMS in our 
data. However, this is in contrast to the observation that TMS 
induced phosphenes and scotomas occur more pronounced in the 
periphery of the visual field rather than in foveal regions [5,36- 
38]. Assuming that not only VI but predominantly higher visual 
areas such as V2d and V3 are targeted by the TMS pulse, 
representations of peripheral visual field are located close to the 
skull, too [5,38]. 

Another conceivable explanation for our results might be that 
subjects performed our task binocularly. As suggested earlier [43], 
this might protect against the TMS-effects on a visual perceptual 
task because the cortical representation of the stimuli is more 
robust [44] compared to monocular viewing. 

Finally, we cannot exclude an interaction between the 
persistence of a modulatory rTMS effect and the activity of the 
visual system due to the acuity task. In the motor cortex, the 
contraction of a muscle belonging to the stimulated area can 
reverse the TBS after-effect [13]. Furthermore, it might be 
worthwhile to distinguish between threshold change and supra- 
threshold modulation, since effects on both parameters might be 
different following rTMS [45]. Therefore, it would have been 
advantageous to measure PT following rTMS, too. However, 
according to previous reports [7-9] we assumed a clear 
modulation of phosphene thresholds after 1 Hz rTMS. To our 
knowledge, modulatory effects of i:TBS on PT have been shown in 
the literature in a single study [22]. Thus, a PT measurement 
following TBS would have been informative. Nevertheless, 
because the effects of rTMS protocols on behaviour are reported 
to be short-lasting [46] , we decided to restrict our measurements to 
visual acuity. 

In summary, it might be likely that the used experimental 
procedure is not sensitive to observe the expected effects of rTMS 
on visual perception, although the task was sensitive enough to 
detect small continuous training effects. To further investigate the 
consequences of different rTMS paradigms applied to the visual 
cortex one should consider the present limitations. On the one 
hand, the use' of fovc'al stimuli and monocular vision are 
recommended. On the other hand, it might be advantageous to 

References 

1. Chen R, Classen J, Gerloff C, Cclnik P, Wassermann EM, et al. (1997) 
Depressicin oi motor eortex exeitability by low-frequency transcranial magnetic 
stimuhuion. Neurology 48: 1398-1403. 

2. Harpaz Y, I^evkovitz Y. Lavidor M (2009) Lexical ambiguity resolution in 
Wernicke's area and its right homologue. Cortex 45: 1097—1103. 

3. Sack AT, Camprodon JA, Pascual-Leone A, Goebel R (2005) The dynamics of 
interhemispheric compensatory processes in mental imagery. Science 308: 702- 
704. 

4. Knoch D, Brugger P, Regard M (2005) Suppressing versus releasing a habit: 
frequency-dependent effeets of prefrontal transcranial magnetic stimulation. 
Cereb Cortex 15: 885-887. 

5. Kammer T, Puis K, Erb M, Grodd W (2005) Transcranial magnetic stimtllation 
in the visual system. II. Characterization of induced phosphenes and scotomas. 
Exp Brain Res 160: 129-140. 

6. Salminen-Vaparanta N, Noreika V, Revonsuo A, Koivisto M, Vanni S (2012) Is 
selective primary visual cortex stimulation achievable with TMS? Hum Brain 
Mapp 33: 652-665. 

7. Boroojerdi B, Prager A, Muellbacher W, Cohen LG (2000) Reduction of human 
visual cortex excitability using I -Hz transcranial magnetic stimulation. 
Neurology 54: 1529-1531. 

8. Brighina F, Piazza A, Daniele O, Fierro B (2002) Modulation of visual cortical 
excitability in migraine with aura: elleets of 1 Hz repetitive tianscranial 
magnetic stimulation. Exp Brain Res 145: 177—181. 



investigate the effect of rTMS on PT before and after the visual 
acuity task to examine whether the task itself protects against 
changes in cortical excitability. 

Although no behavioral effect was observed, the systematic 
application of TBS at higher stimulation intensities is of certain 
value. Usually, TBS is applied with 80-90% of active motor 
threshold [47]. To our knowledge, up to now the highest TBS 
intensity applied was 100% of resting motor threshold (RMT; i.e. 
[48,49]) using a modified cTBS protocol [50]. Although motor- 
and phosphene thresholds are not correlated, in a within-design 
PTs were shown to be higher compared to RMTs [51]. In the 
present study, the application of cTBS and iTBS to the visual 
cortex in a wide range of stimulation intensities from 60% to 120% 
of individual PT was well tolerated by the subjects. In contrast to a 
recent report of a seizure caused in a healthy subject when 
applying 150 

pulses of cTBS to the left motor cortex with 100% of individual 
RMT [52], no serious adverse effects were noticed in our study. 
Although the stimulation intensities we used were higher than 
those usually applied [47], in only one case we had to abort the 
stimulation (iTBS, 120% PT) due to intolerable pain. In 21 
subjects, high-intensity TBS (120% PT) was apphed without 
adverse effects. Since TBS with higher stimulation intensity might 
result in more pronounced effects [21], the absence of adverse 
effects in this study might encourage researchers to test TBS in 
higher intensity ranges. 

Supporting Information 

Table SI Raw data (visual acuity thresholds). Legend is 

included in the file. 

(XLS) 

Acknowledgments 

We would like to thank Markus Kiefer and Katharina Widenhorn-MiiUer 
for useful comments. 

Author Contributions 

Conceived and designed the experiments: .SB TK. Perlbrmcd the 
experiments: SB TK. Analyzed the data: SB TK. Contributed reagents/ 
materials/analysis tools: TK. Contributed to the writing of the manuscript: 
SB TK. 



9. Fierro B, Brighina F, Vitello G, Piazza A, Scalia S, et .al. (2005) Modulatory 
efleets of low- and high-frequency repetitive transcranial magnetic stimulation 
on visual eortex of healthy subjects undergoing light deprivation. J Physiol 565: 
659-665. 

10. Antal A, Kineses TZ, Nitsche MA, Barti'ai O, Demmer I, et al. (2002) Pulse 
configuration-dependent effects of repetitive transcranial magnetic stimulation 
on visual perception. Neuroreport 13: 2229-2233. 

11. Tashiro K, Ogata K, Yamasaki T, Kuroda T, Goto Y, et al. (2007) Repetitive 
transcranial magnetic stimulation alters optic flow perception. NeuroReport 18: 
229-233. 

12. Huang YZ, Edwards MJ, Rounis E, Bhatia KP, Rothwell JC (2005) Theta burst 
stimulation of the human motor cortex. Neuron 45: 201-206. 

13. Centner R, Wankerl K, Reinsberger C, Zeller D. (?.lassenj (2008) Depression of 
human corticospinal excitability induced by magnetic theta-burst stimulation: 
Evidence of rapid polarity-reversing metaplasticity. Cereb Cortex 18: 2046— 
2053. 

1 4. Gamboa OL, Antal A, Moliadze V, Paulus W (20 1 0) Simply longer is not better: 
reversal of theta burst after-effect with prolonged stimulation. Exp Brain Res 
204: 181-187. 

15. Huang YZ, RodiweUJC, Lu OS, Chuang WL, Lin WY, et al. (2010) Reversal of 
plasticity-like effects in the human motor cortex. J Physiol-London 588; 3683— 
3693. 



PLOS ONE I www.plosone.org 



8 



June 2014 I Volume 9 | Issue 6 | e99429 



Theta Burst Stimulation of Visual Cortex 



16. Agostino R, Lrzzi E, Dinapoli L, Suppa A, Contc A, ct al. (2008) Effects of 
intermittent theta-burst stimulation on practice-related changes in fast finger 
movements in healthy subjects. Eur J Neurosci 28: 822-828. 

17. Di Lazzaro V, Pilato F, Dileone M, Profice P, Oliviero A, et al. (2008) The 
physiological basis of the effects of intermittent theta burst stimulation of the 
human motor cortex. J PHYSIOL-LONDON 586: 3871-3879. 

18. Suppa A, Ortu E, Zafar Dcriu F. Paulus W. ct al. (2008) Theta burst 
stimulation induces aftrr-rfrcrts on ronlralatcral primary motor cortex 
excitability in humans. J Physiol-London 586: 4489 1500. 

19. Zafar N, Paulus W, Sommer M (2008) (.^omparatix'c assessmrni (A' best 
conventional with best theta burst repetitive transcranial magnetic stimulation 
protocols on human motor cortex excitability. Clin Neurophysiol 119; 1393— 
1399. 

20. Nyffeler T, Wurtz P, Luscher HR, Hess CW, Senn W, et al. (2006) Repetitive 
TMS over the human oculomotor cortex: Comparison of 1-Hz and theta burst 
stimulation. Neurosci Lett 409: 57-60. 

21. Bruckner S, Kiefer M, Kammer '1' (2013) comparing the after-effects of 
continuous theta burst stimulation and conventional 1 Hz rTMS on semantic 
processing. Neuroscicnce 233: 64—71. 

22. Franca M, Koch G, Mochizuki H, Huang YZ, Rothwell JC (2006) Effects of 
theta burst stimulation protocols on phosphene threshold. Clin Neurophysiol 
117: 1808-1813. 

23. Waterston ML, Pack CC (2010) Improved discrimination of visual stimuli 
following repetitive transcranial magnetic stimulation. PLOS ONE 5: el0354. 

24. Kammer T, Vorwerg M, Hermberger B (2007) Anisotropy in the visual cortex 
investigated by neuronavigated transcranial magnetic stimulation. Neuroimage 
36: 313-321. 

25. Peirce JW (2007) PsychoPy - Psychophysics software in Python. J Neurosci Meth 
162: 8-13. 

26. Wichmann FA, HiU NJ (2001) The psychometric function: I. Fitting, sampling, 
and goodness of fit. Percept Psychophys 63: 1293-1313. 

27. Meyer BU, Diehl R, Steinmetz H, Britton TC, Benecke R (1991) Magnetic 
Stimuli Applied over Motor and Visual-Cortex - Influence of CoU Position and 
Field Polarity on Motor-Responses, Phosphenes, and Eye-Movements. Electroen 
Clin Neuro: 121-134. 

28. Kammer T, Beck S (2002) Phosphene thresholds evoked by transcranial 
magnetic stimulation are insensitive to short-lasting variations in ambient light. 
Exp Brain Res 145: 407-410. 

29. Kammer T, Beck S, Erb M, Grodd W (2001) The influence of current direction 
on phosphene thresholds evoked by transcranial magnetic stimulation. Clin 
Neurophysiol 112: 2015-2021. 

30. Bower JD, Bian Z, Andersen GJ (2012) Effects of retinal eccentricity and acuity 
on global-motion processing. Atten Percept Psycho 74: 942—949. 

31. Kondo M, Araragi Y, Nakamizo S (2008) New equally readable charts based on 
anisotropy of peripheral visual acuity. JPN Psychol Res 50: 93-99. 

32. Westheimer G (2001) Is peripheral visual acuity susceptible to perceptual 
learning in the adult? Vision Res 41: 47-52. 

33. Low FN (1943) The peripheral visual acuity of 100 subjects. Am J Physiol 140: 
83-88. 

34. Kamke MR, Hall MG, Lye HF, Sale MV, Fenlon LR, et al. (2012) Visual 
Attentional Load Influences Plasticity in the Human Motor Cortex. J Neurosci 
32: 7001-7008. 



35. DarrienJH, Herd K, Starling LJ, RosenbergJR, MorrisonJD (2001) An analysis 
of the dependence of saccadic latency on target position and target 
characteristics in human subjects. BMCJ Neurosci 2. 

36. Kastner S, Demmer I, Ziemann U (1998) Transient visual field defects induced 
by transcraniail magnetic stimulation over human occipital pole. Exp Brain Res 
118: 19-26. 

37. Epstein CM, Zangaladze A (1996) Magnetic coil suppression of extrafoveal 
visual perception using disappearance targets. J Clin Neurophysiol 13: 242-246. 

38. Thielscher A, Reichenbach A, Ugurbil K, Uludag K (2010) The Cortical Site of 
Visual Suppression by Transcranial Magnetic Stimulation. Cereb Cortex 20: 

328-338. 

39. Kammer T, Puis K, Strasburger H, Hill NJ, Wichmann EA (2005) Transcranial 
magnetic stimulation in the visual system. 1. The psychophysics of \'isual 
suppression. Exp Brain Res 160: 118-128. 

40. To MPS, Gilchrist ID, Troscianko T, Tolhurst DJ (2011) Discrimination of 
natural scenes in central and peripheral vision. Vision Res 51: 1686—1698. 

41. Palomares M, Smith PR, Pitts CH, Carter BM (2011) The Effect of Viewing 
Eccentricity on Enumeration. PLOS ONE 6. 

42. Kraft A, Roehmel J, Olma MC, Schmidt S, Irlbacher K, et al. (2010) 
Transcranial direct current stimulation affects visual perception measured by 
threshold perimetry. Exp Brain Res 2117: 283 290. 

43. Saint-Amour D, Walsh V, Guillemot JP, Lassonde M, Lepore F (2005) Role of 
primary \'isual cortex in the binocular integration of plaid motion perception. 
EurJ Neurosci 21: 1107-1115. 

44. Meese TS, (ieorgeson MA, Baker DH (2006) Binocular contrast vision at and 
above threshold. J Vision 6: 1224-1243. 

45. Gangitano M, Valero-Cabre A, Tormos JM, Mottaghy EM, Romero JR, et aX. 
(2002) Modulation of input-output curves by low and high frequency repetitive 
transcranijil magnetic stimulation of the motor cortex. Clin Neurophysiol 113: 
1249-1257. 

46. Robertson EM, Theoret H, PascuEd-Leone A (2003) Studies in cognition: The 
problems solved and created by transcranial magnetic stimulation. J Cogn 
Neurosci 15: 948-960. 

47. Oberman L, Edwards D, Eldaief M, Pascual-Leone A (2011) Safety of Theta 
Burst Transcranial Magnetic Stimulation: A Systematic Review of the 
Literature. J Clin Neurophysiol 28: 67-74. 

48. Cazzoli D, Wurtz P, Muri RM, Hess CW, Nylfeler T (2009) Interhemisphcric 
balance of overt attention: a theta burst stimulation study. Eur J Neurosci 29: 
1271-1276. 

49. Nyffeler T, Cazzoli D, Hess CW, Muri RM (2009) One Session of Repeated 
Parietal Theta Burst Stimulation Trains Induces Long- Lasting Improvement of 
Visual Neglect. Stroke 40: 2791-2796. 

50. Nyffeler T, Cazzoli D, Wurtz P, Luthi M, von Wartburg R, et al. (2008) Neglect- 
like visual exploration behaviour after theta burst transcranial magnetic 
stimulation of the right posterior parietal cortex. EurJ Neurosci 27: 1809-1813. 

51. Boroojerdi B, Meister IG, Eoltys H, Sparing R, Cohen LG, et al. (2002) Visual 
and motor cortex excitability: a transcranial magnetic stimulation study. Clin 
Neurophysiol 113: 1501-1504. 

52. Oberman EM, Pascual-Leone A (2009) Report of seizure induced by continuous 
theta burst stimulation. Braiji Stimul 2: 246—247. 



PLOS ONE I www.plosone.org 



9 



June 2014 I Volume 9 | Issue 6 | e99429 



